We report on a new search for solar chameleons with the CERN Axion Solar Telescope (CAST). A GridPix detector was used to search for soft X-ray photons in the energy range from 200 eV to 10 keV from converted solar chameleons. No significant excess over the expected background has been observed in the data taken in 2014 and 2015. We set an improved limit on the chameleon photon coupling, β γ 5.7 × 10 10 for 1 < β m < 10 6 at 95 % C.L. improving our previous results by a factor two and for the first time reaching sensitivity below the solar luminosity bound for tachocline magnetic fields up to 12.5 T.
Introduction
Dark energy in particular, as well as the dark sector of cosmology in general, is one of today's great challenges in fundamental physics. Dark energy, needed to explain the observed acceleration of the universe's expansion, could be introduced by modifying General Relativity. This can be accomplished via a new scalar field along with a screening mechanism to avoid unnatural effects such as as the appearance of a fifth force with long range. In case of the chameleon, one of the leading candidates for dark energy, non-linear self-interaction and interactions with matter cause these particles to have an "effective mass" depending on the ambient mass (energy) density leading to the so-called chameleon screening mechanism and giving rise to the name of this dark energy candidate [1, 2, 3] (for a comprehensive theoretical treatment we refer to [4] ). Experimental constraints on chameleon models arise e.g. from fifth force gravity experiments, atomic spectroscopy, and atom and neutron interferometry. A recent summary of experimental constraints is given in [5] .
Although the chameleon can currently only be described as a low energy model in the form of an effective field theory, missing a high energy description from an ultraviolet completion (e.g. string theory), its introduction predicts interesting phenomena. This justifies investigations and searches like the one presented here.
Through an effective chameleon-photon coupling chameleons can be produced via the Primakoff effect, similar to axions, leading to the prediction of solar chameleons. While for chameleon production in the nuclear coulomb fields of the solar core's plasma, no theoretical calculations exist up to now, one can consider regions in the solar interior featuring strong transverse magnetic fields. The tachocline, a solar region located at approximately 0.7 R , is widely believed to be a source of highly intense magnetic fields formed through differential rotation. The chameleon production in the tachocline and their propagation through the solar medium as well as their journey to an earth-based helioscope have been studied in detail in the proposal [6] and also in [7] .
Solar chameleons from the tachocline have energies below 2 keV (the flux typically peaking at about 600 eV). Through the inverse Primakoff effect they can be (re)converted into soft X-ray photons inside a strong magnetic field. Thus, an axion helioscope such as the CERN Axion Solar Telescope (CAST) [8] can be used as a chameleon helioscope given X-ray detectors sensitive in the sub-keV energy range.
As the effective mass of the chameleon decreases with falling density, the free space from Sun to Earth as well as the Earth's atmosphere are traversed basically unhindered, so are the evacuated cold bores of the CAST magnet. Inside detector materials, especially those of classical dark matter experiments, the effective chameleon mass is large. If the effective mass exceeds the chameleon's energy it cannot enter the corresponding material but is reflected off. In case its energy is much larger than the effective mass inside a certain material, the chameleon will hardly interact with the material making it difficult to detect in general.
In 2013 a first search for chameleons at CAST was performed using a silicon drift detector built mostly from commercially available components [9] following the proposal of the chameleon helisocope technique in [6] . In this paper we present the results of a follow-up of this first search utilizing the powerful combination of an X-ray telescope [10] with a novel GridPix detector [11, 12] improving on our previous result by about a factor of two and for the first time reaching sensitivities below the solar luminosity bound. We discuss uncertainties in the tachocline magnetic field strength, its radial position and dimension as well as the fraction of solar luminosity emitted as chameleons. We also consider different cases of the chameleon potential and show that our upper bound, β γ 5.7 × 10 10 , is almost independent of the type of inverse power law potential used.
Theoretical solar chameleon spectrum
Solar chameleons can be produced through the Primakoff effect from the photon flux emanating from the solar core [6, 7] . In the following a (very) brief summary of the computation and calculation of the solar chameleon flux emerging from the solar tachocline due to photon-to-chameleon conversion inside the strong tachocline magnetic field is given, for more details the reader is referred to [9] and especially [7] . The conversion probability of photons into chameleons within a magnetized region with constant magnetic field B over a distance l can be given as [7] 
where M Pl ∼ 2 × 10 18 GeV is the reduced Planck mass, the coherence length l ω is given by
with the effective chameleon mass
where we have defined (4) and the plasma frequency is ω . α ∼ 1/137 is the fine structure constant, m p and m e are the proton and electron mass respectively. The effective chameleon mass depends on the density ρ and the chameleon matter coupling constant β m . The index n > 0 defines the chameleon model and is linked to the scalar potential Taking into account the random walk that photons perform within the solar plasma, assuming non-resonant chameleon production and integrating over the Sun or the tachocline region, respectively, it is possible to compute the total chameleon luminosity of the the Sun which depends on β luminosity does not exceed 10 % of the solar luminosity the upper solar luminosity bound β sun γ can be computed to β sun γ = 6.46 × 10 10 for n = 1, a tachocline of width 0.01 R located at 0.7 R and a tachocline magnetic field of 10 T [9].
Experimental setup
As the inverse Primakoff effect for chameleons is quite similar to the same effect for axions, an axion helioscope such as CAST can be used as a chameleon helioscope. The axion-photon coupling constant g aγ [13] is then replaced by the chameleon-photon coupling constant β γ . Due to the different production region in the Sun, the X-ray spectrum expected from solar chameleons converted into photons peaks around 600 eV instead of a few keV as for axions. Thus, X-ray detectors sensitive in the sub-keV range are required as well as fully evacuated cold bores.
For the solar axion search the CAST detectors were matched in terms of sensitivity and energy threshold to the expected solar axion spectrum, meaning an energy threshold of above 1 keV. Additionally, after CAST's phase one operation with evacuated cold bores in 2003 and 2004 [14, 15] , the cold bores were filled with helium between 2005 and 2012 [16, 17, 18] . When CAST switched back to vacuum operation (including the removal of thin cold windows inside the bores which showed a cutoff below 1 keV) in 2013, also one of its previous X-ray detectors, the pnCCD [10] , was decommissioned, allowing for the installation of a new X-ray detector with sub-keV sensitivity, converting CAST into a chameleon helioscope.
The new X-ray detector, the GridPix detector [12] , was installed in October 2014 behind the MPE X-ray telescope (XRT) of CAST [10] , a flight spare of the ABRIXAS space mission, and took data until it was dismantled at the end of 2015. While the MPE XRT was being (re)calibrated at the PANTER facility, a first chameleon search was conducted at CAST during a short period in 2013 using a silicon drift detector (SDD) built from mostly commercially available equipment [9] . This first result of CAST's chameleon search is to be improved by the powerful combination of the GridPix detector with the X-ray optics.
The GridPix detector was mounted to the XRT by means of a small interface vacuum system as described in [12] . The detector and its infrastructure were located on the sunrise side of CAST, thus, participating in the morning solar trackings (about 90 min per day). Solar chameleons could convert into soft X-ray photons within the cold bore (diameter 43 mm) inside the magnetic field of 9 T provided by the CAST magnet (a decommissioned LHC prototype magnet) over a length of 9.26 m and then be detected in the XRT/GridPix system.
The GridPix detector
A gaseous X-ray detector is used to detect the photons focused by the XRT. This detector and its performance during the data taking are described in detail in [12] , while here only a short summary is given. The basis of the detector is a GridPix, which is a combination of a Timepix ASIC [19] and a Micromegas gas amplification stage. The readout chip features 256×256 pixels with a pitch of 55×55 µm 2 . The Micromegas stage was produced directly on top of the chip by photolithographic postprocessing techniques, which allow for small feature sizes and precise alignment. In this way each grid hole of the mesh was be placed directly above one pixel. A single electron liberated by the X-ray photon interaction is guided into one hole, where an avalanche multiplication increases the charge by a gain of G ≈ 2500. Since the complete avalanche is collected by one readout pixel with a typical threshold around 700 electrons, signals of most primary electrons are recorded individually resulting in a high resolution image of the event.
A cross-sectional view of the detector is shown in figure 1 . The drift volume has a length of 3 cm and is filled with a gas mixture of argon:isobutane (97.7:2.3) at a constant pressure of 1050 mbar. A drift field of 500 V/cm is applied. A crucial request for the chameleon search is a high detection efficiency for lowenergy X-ray photons. Minimizing the material in front of the sensitive detector volume is thus of high importance. Therefore, a 2 µm thick Mylar foil with a 40 nm layer of aluminum was used as entrance window and simultaneously as cathode of the drift volume. The foil was mounted on a copper strongback covering 17.4 % of the total area. To improve the vacuum in the XRT down to the required 2 × 10 −6 mbar a differential pumping scheme had to be used, requiring an additional vacuum window made of 0.9 µm of Mylar. The total transparency of all windows times the absorption probability in the gas volume yields the detection probability and is shown in figure 2 depending on the X-ray energy. Total detection efficiency of the detector. Curve based on transmission data provided by a web-based generator [20] relying on the semi-empirical approach described in [21] .
Prior to the data taking campaigns in 2014 and 2015, the detector response to Xray photons of different energies was characterized with a variable X-ray generator [22] . A stable operation, good energy linearity and energy resolution could be demonstrated. Also, a data sample of signals of pure X-ray photons important for a likelihood based background suppression could be collected.
The operation of the GridPix detector at CAST lasted over six months split in a short test run in October and November 2014 and a long run from June to November 2015. During this time a total of 254 h of solar tracking and 4785 h of background data were recorded. During this time the detector worked reliably and no detector related downtime occurred. A daily calibration run with an 55 Fe source showed variations of only a few percent in the gas gain, which is expected because of the changing environmental conditions, in particular of the ambient temperature.
Background suppression and rates
All events recorded with the GridPix detector that contain at least three activated pixels are reconstructed using the MarlinTPC framework [23] . Details on the reconstruction and data acquisition scheme can be found in [12, 22] . Based on information gained from the daily in-situ calibrations with the 55 Fe source the energy of each reconstructed event is computed along with a set of eventshape variables exploiting the high spatial resolution of the Timepix ASIC.
In [22] three eventshape variables have been identified, which provide a good separation power to differentiate X-ray events from non-X-ray events: eccentricity (a measure for the circularity of the event), length divided by root mean square (rms) along the short axis and fraction of pixels within radius of one rms (the latter two providing handles on the shape of the distribution of pixels within the reconstructed event). From the measurements at a variable X-ray generator [22] reference distributions of these variables for eight energy ranges in the regime up to 10 keV were obtained. These are used here to compute a likelihood value for each reconstructed event based on the reference distributions of the corresponding energy range. This provides a measure of the probability (likelihood) for an X-ray, of given energy, to look like the observed event. By only keeping those events passing a certain threshold for the likelihood value, the vast majority of non-X-ray events is removed from the data set resulting in a suppression of non-X-ray-like background events. The likelihood threshold for each range is found by adjusting it such that 80 % of events from pure X-ray data sets (reference data sets) are kept, defining a software efficiency SW = 0.8. As the chosen eventshape variables are constructed to be independent of drift properties (to avoid the necessity of e.g. a temperature compensation) an additional loose cleaning cut is required to remove those X-ray-like events which due to their size (rms value) cannot stem from X-ray conversions inside the detector.
In figure 3 the position of events passing the likelihood based background suppression is shown for X-ray energies up to 10 keV. Only events within a radius of 4.5 mm around the GridPix' center are fully contained on the chip with their eventshape and energy correctly reconstructed. The number of events, and therefore the background rate, is lowest in the central region. This is most likely caused by tracks only partially contained on the GridPix mimicking X-ray like, circular shaped events. Therefore two regions are defined: the gold region comprising the innermost 5 × 5 mm 2 of the chip and the silver region which is a circle of 4.5 mm radius around the chip center minus the gold region. The resulting background rates before and after application of the likelihood based background suppression method are shown in figure 4 for gold and silver region respectively. In the energy regime of 0.2 keV to 2 keV, relevant for the detection of solar chameleons, a rate of less than 10 −4 /keV/cm 2 /s is achieved in the gold region which corresponds to an improvement of approximately one order of magnitude compared to the SDD used in CAST's previous chameleon search [9] .
Analysis and results
From the background rates in figure 4 the expected number of background counts during the solar tracking can be extrapolated for gold and silver regions. In figure 5 and figure 6 the expected background counts are compared to the observed data points for an energy range from 0.2 keV to 2 keV. Chameleons entering the evacuated cold bores of CAST first have to pass through the sunset detectors of CAST, in particular their lead shielding. Therefore, an energy threshold of 0.2 keV has been chosen which is well above the maximum chameleon effective mass in lead (m eff = 135 eV for n = 1, β m = 10 6 ) [9] so no absorption effects have to be taken into account.
The observed counts agree with the background prediction within statistical uncertainties, no excess over the prediction is observed. Hence, an upper bound on the chameleon photon coupling β γ can be calculated. Here, TLimit will be used for this purpose, the ROOT implementation of mclimit [24] , which applies the likelihood ratio method to compute confidence levels CL b and CL s+b for the background-only and signal plus background hypotheses, respectively. The signal hypothesis is then tested using CL s = CL s+b /CL b [25] . TLimit computes observed as well as expected confidence levels from given expected background, expected signal and observed data histograms, statistical as well as systematic uncertainties can be included.
The expected signal in gold and silver region for a given chameleon photon coupling β γ is derived from the photon flux originating from solar chameleons converted inside the CAST magnet. The latter one is obtained by multiplying the solar chameleon flux with the conversion probability ((1)) using B = 9 T and l = 9.26 m, and shown in figure 7 for β γ = β sun γ . As the angular size of the solar tachocline (6.5 mrad for a sphere with a diameter of 0.7 R ) is larger than the aperture of the CAST magnet not all possible chameleon trajectories which can reach the detector through the X-ray telescope see the full length of the magnetic field. This has to be taken into account as well as the imaging of the X-ray telescope, especially its angular behavior and its efficiency (transmission) as function of X-ray energy. The X-ray telescopes efficiency drops (approximately) linear with the off-axis angle of an incoming X-ray beam, for X-ray energies below 2 keV the efficiency drops to 62.2 % of the on-axis value at an off-axis angle of 10 [10, 26] . The geometry of the CAST magnet bore and the imaging through the X-ray telescope are modeled in a small, simplified ray-tracing simulation similar to the one used in [9] . As a result the chameleon image of the Sun as observable at the detector's position can be computed as it is shown in figure 8 . The ring-like shape originates from the production in the tachocline. The gold and silver region are indicated in the image, about a third of the flux is lost outside the silver region. Despite the higher background level the silver region still contributes to the observed upper bound on the chameleon photon coupling as it receives approximately the same flux as the gold region.
To get the expected number of signal counts, in addition the total solar tracking time, the detection efficiency of the GridPix detector (see figure 2) and the software efficiency of the background suppression method are included. The resulting, observable solar chameleon spectra for gold and silver region are shown in figure 9 for a a chameleon photon coupling β γ = β sun γ , clearly the influence of the detector window on the shape of the chameleon spectrum is visible, especially when comparing to the flux entering the XRT (see figure 7) . The expected signal for different values of β γ can be obtained by rescaling the spectra according to its dependence on β 4 γ . systematic uncertainty chip region gold silver pointing accuracy 3.0 % 9.0 % detector alignment 1.0 % 5.0 % XRT off-axis behavior 1.5 % 3.0 % XRT on-axis transmission 1.8 % differential window transmission 1.7 % detector window transmission 3.9 % detector window optical transparency 2.0 % detector gas absorption 0.1 % software efficiency 3.7 % total 7.2 % 12.4 % Table 1 . List of estimated systematic uncertainties on the expected signal. The uncertainties resulting from imaging effects differ for gold and silver region and are therefore stated separately where necessary.
For the background prediction the statistical uncertainty on each bin is included in the analysis with TLimit while for the signal prediction different sources for systematic uncertainties are included which sum up to a total systematic uncertainty on the expected signal of 7.2 % (12.4 %) for the gold (silver ) region. The individual contributions to the systematic uncertainty are listed in table 1 and were estimated by varying the corresponding parameters of the signal computation within reasonable ranges.
With these inputs the expected 95 % confidence level upper bound on the chameleon photon coupling is computed to β γ < 5.53
which is an improvement compared to our previous result by a factor of about two, as illustrated in figure 10 . Here, the uncertainty specifies the 1σ range for experimental outcomes of hypothetical background-only experiments. The observed 95 % confidence level upper bound on the chameleon photon coupling is
which is indeed, as expected, below the upper limit given by the solar luminosity bound.
Of course, the obtained result depends on the solar model considered. Here, we focused on the scenario with a magnetic field of 10 T in the tachocline. The uncertainty on the tachocline field is believed to be in the range of 4 T to 25 T [27, 28, 29] . Hence the CAST limit on the chameleon photon coupling can be shifted by a factor of about 2.5 1/2 up or down as illustrated in figure 11 . The limit obtained with the GridPix detector is below the solar luminosity bound for values of tachocline magnetic fields up to 12.5 T.
As for our previous result, we have studied the influence of the tachocline position and width on the observed upper bound on the chameleon photon coupling. The Table 2 . Upper bound on β γ derived from the measurements with the GridPix detector for different solar models, all using the 10 % solar luminosity bound.
tachocline has been shifted down to 0.66 R and its width changed from 0.01 R to 0.04 R . Additionally, a linearly decreasing magnetic field (10 T at 0.7 R down to 0 T at 0.8 R ) has been considered. The changes to the bound on β γ can be found in table 2.
For most of the scenarios the observed bound is below the solar luminosity bound and we found, that in general, irrespectively of the astrophysics of the tachocline, β γ < 6 × 10 10 is satisfied.
Discussion
The chameleon parameter space is spanned by three parameters: the chameleon matter coupling constant β m , the (effective) chameleon photon coupling constant β γ and a discrete index n which defines the Dark Energy model considered. Our improved result for the upper limit on the chameleon photon coupling β γ is presented in figure 12 for n = 1 along with other experimental bounds. Some of these are only sensitive to the chameleon matter coupling and, therefore result in vertical lines in the shown exclusion plot. While torsion pendulum tests of presence of new scalar forces lead to a lower bound on the chameleon matter coupling β m (in green) [30] , neutron interferometry (lilac) [31] and the atom-interferometry technique (dark red line) [32, 33] lead to an upper bound where the latter provides the strongest bound. A large upper bound on the chameleon photon coupling is provided by precision tests of the Standard Model [34] , these kinds of tests are sensitive only to the coupling to gauge bosons, in this case photons. From astrophysics an upper bound can be derived through analysis of the polarisation of the light coming from astronomical objects [35] . While our result only considers non-resonant chameleon production in the Sun and therefore only provides an upper bound for the chameleon photon coupling constant for a chameleon matter coupling up to β m < 10 6 , the CHASE experiment [36] is sensitive to β γ up to β m ∼ 10 14 . Taking into account the strong upper and lower bounds provided by the atom-interferometry technique and torsion pendulum experiments only the region of 15.33 < β m < 3.57 × 10 2 has not yet been excluded on the β m axis. This small region is further and significantly reduced by our improved upper bound on the chameleon photon coupling β Also shown are the bounds set by torsion pendulum tests (green) [30] , neutron interferometry measurements (lilac) [31] , CHASE (pale orange) [36] and collider experiments (yellow) [34] . The bounds of the atom-interferometry technique [32, 33] and the astronomical polarization [35] are represented with lines. Table 3 . Upper bound on β γ derived from the measurements with the GridPix detector at CAST for different values of the index n which defines the chameleon model.
for the n = 1 scenario. As already shown in CAST's previous solar chameleon search [9] , also our improved result is to a large extent insensitive to n, as visible from the results for different values of n listed in table 3. This insensitivity to n is caused by the restriction to non-resonant chameleon production in the Sun.
In addition, the influence of uncertainties in the solar model assumptions have been studied. For example, if the solar luminosity bound is reduced by one order of magnitude, β sun γ is reduced by a factor √ 10 while the observed limit remains unchanged, thus weakening the limit with respect to the solar luminosity bound. Uncertainty of the tachocline size and position as well as the radial field strength and distribution, may lead to a change of the observed limit by a factor 1.6 (see table 2) following a conservative approach. Similarly, also the uncertainty on the tachocline magnetic field strength give an uncertainty on the observed upper bound for β γ corresponding to a factor 1.6 up or down considering magnetic fields in the range of 4 T to 25 T, see also figure 11.
Conclusions
Summarizing, the first upper bound derived by the experimental approach using a magnetic helioscope, on the chameleon photon coupling β γ derived by CAST using an SDD without X-ray optics has been significantly improved by utilizing a novel GridPix detector in combination with the MPE XRT, now giving an upper bound of β γ < 5.74 × 10 10 , which for the first time in CAST allows surpassing the solar luminosity bound. Together with other experimental bounds, this restricts the chameleon parameter space to the region confined by 15.33 < β m < 3.57 × 10 2 and β γ < 5.74 × 10
10
for n = 1. This result may be further improved in the near future by a new and upgraded GridPix detector currently operated at CAST now covering a larger active area, implementing the analogue Grid signal as well as two veto scintillators which along with improved background suppression algorithms should lead to a significant reduction in background rate. Along with the first time usage of ultrathin silicon nitride windows that increase the detector's X-ray detection efficiency in the sub-keV range, this should lead to a further improved sensitivity. Also, a different technique exploiting the chameleon matter coupling by directly detecting solar chameleons focused by an XRT on a radiation pressure device [37] has been operated on CAST and is continuously being developed.
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